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Available online 2 December 2015Rabies is endemic in the Philippines and dog bites are amajor cause of rabies cases in humans. The rabies control
program has not been successful in eliminating rabies because of low vaccination coverage among dogs.
Therefore,more effective and feasible strategies for rabies control are urgently required in the country. To control
rabies, it is very important to know if inter-island transmission can occur because rabies can become endemic
once the virus is introduced in areas that previously had no reported cases. Our molecular epidemiological
study suggests that inter-island transmission events can occur; therefore, we further investigated these inter-
island transmission using phylogenetic and modeling approaches.
We investigate inter-island transmission between Luzon and Tablas Islands in the Philippines. Phylogenetic anal-
ysis and mathematical modeling demonstrate that there was a time lag of several months to a year from rabies
introduction to initial case detection, indicating the difﬁculties in recognizing the initial rabies introductory
event. There had been no rabies cases reported in Tablas Island; however, transmission chain was sustained on
this island after the introduction of rabies virus because of low vaccination coverage among dogs.
Across the islands, a rabies control program should include control of inter-island dog transportation and rabies
vaccination to avoid viral introduction from the outside and to break transmission chains after viral introduction.
However, this programhas not yet been completely implemented and transmission chains following inter-island
virus transmission are still observed. Local government units try to control dog transport; however, it should be
more strictly controlled, and a continuous rabies control program should be implemented to prevent rabies
spread even in rabies-free areas.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
Philippines
Rabies virus
Inter-island transmission1. Introduction
Rabies is a fatal viral disease caused by the rabies virus (RABV), and
most countries in Africa and Asia are identiﬁed as high-risk areas for
human rabies (World Health Organization, 2011). Similar to other
Asian countries, rabies remains endemic in the Philippines andwith ap-
proximately 200–300 human cases annually (Department of Health,
2009). Dog bites are a major cause of rabies cases in humans in the
Philippines, and mass vaccination of dogs could be an effective controlokuUniversity Graduate School
80-8575, Japan.
ma), saitom@med.tohoku.ac.jp
rsky1566@gmail.com
kamigakit@med.tohoku.ac.jp
. This is an open access article undermeasure (Lembo, 2012; Tenzin and Ward, 2012). However, the rabies
control program has not been successful in eliminating rabies because
of low vaccination coverage among dogs, and more effective and feasi-
ble strategies for rabies control are urgently required. More data on
dog populations and the transmission dynamics of RABVs should be ob-
tained to understand how rabies spreads through the country.
Previously, we conducted a molecular epidemiological study to deﬁne
the spatiotemporal transmission patterns of RABVs in the Philippines.
Our study revealed strong spatial effects on viral spread, indicating the
potential effectiveness of rabies-control programs that targeted certain
geographic areas (Saito et al., 2013; Tohma et al., 2014).
Previous viral phylogenetic analysis suggests that the sea is a strong
barrier to viral transmission in the Philippines. However, it is very im-
portant for those implementing rabies control programs to know
whether inter-island transmission can occur and how it can be detected
early because rabies can become endemic once RABV is introduced inthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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logical studies suggested that such transmission events were rare but
could still occur; therefore, we investigated these inter-island transmis-
sions using phylogenetic and modeling approaches.
The objectives of this study were as follows: 1) to deﬁne the spatio-
temporal patterns of inter-island transmission of RABVs and 2) to sim-
ulate population dynamics after the introduction of new rabies cases
to estimate the duration between introduction and the detection of
the ﬁrst case in the community. To achieve these objectives, we used
recently developed phylogenetic analyses (Drummond et al., 2012;
Lemey et al., 2009; Pybus and Rambaut, 2009) and mathematical
modeling of the transmission of RABVs (Panjeti and Real, 2011). Our
analyses focused on the recent inter-island transmission detected in
Tablas Island, Romblon Province.
2. Material and methods
2.1. RABV sequence data set
The Philippines comprises three island groups (Luzon, Visayas, and
Mindanao) and is administratively divided into regions, provinces,
municipalities/cities, and barangays. Through passive surveillance of
animal rabies, we collected samples of brain tissue from suspected
rabid animals (mainly dogs) from all three island groups, as previously
described (Saito et al., 2013). As of December 2014, we obtained 266 se-
quence data for the RABV glycoprotein (G) gene [1572 nucleotides (nt)]
from animals in the Luzon island group. These samples were collected
between 2004 and 2013, from eight regions in the Luzon island group,
including Regions I, II, III, IV-A, IV-B, V, the Cordillera Administrative Re-
gion (CAR), and the National Capital Region (NCR) (Tables 1 and S1).
The study protocol was approved (No. 2008-01-1) by the Institu-
tional Review Board of the Research Institute for Tropical Medicine
(RITM), as required for all research projects conducted at the RITM.
2.2. Phylogenetic analysis
A Bayesian tree was constructed from G gene sequence data of 266
RABV samples using MrBayes software v3.2.3 (Ronquist et al., 2012).
The phylogenetic relationship among RABV samples collected in the
Luzon island group was inferred by summarizing 5e6 iterations (the
ﬁrst 10% was excluded as burn-in) in a Markov Chain Monte Carlo
(MCMC) run. A general time-reversiblemodelwith gamma distribution
was used for the G gene nucleotide substitution model, referring to the
Akaike Information Criterion with a correction value (AICc) in the
model selection procedure in MEGA 5.0 (Tamura et al., 2011). From
this phylogenetic analysis, we detected phylogenetic clusters that sug-
gested recently occurring inter-island transmissions (Fig. 1A and B). A
subclade, comprising 39 samples (6 samples from Tablas Island in Rom-
blon Province, Region IV-B and 33 samples collected in Pangasinan,
Bulacan, and Pampanga provinces, Regions I and III on Luzon Island),
was used for the molecular clock and phylogeographic analysesTable 1
Temporal and regional summary of sequence data (n = 266).
Region 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
CAR 0 0 0 0 0 7 1 0 0 6
I 0 0 0 0 1 27 3 0 14 1
II 0 0 0 0 0 4 0 0 0 7
III 1 2 0 0 39 20 0 0 14 36
IVA 4 0 10 4 0 0 0 1 3 0
IVB 0 0 1 0 0 0 0 3 3 2
NCR 2 8 0 0 0 0 0 0 0 0
V 0 0 0 0 13 9 0 0 12 8
Total 7 10 11 4 53 67 4 4 46 60
CAR: the Cordillera Administrative Region, NCR: the National Capital Region.described below to investigate the details of possible inter-island trans-
mission in Tablas Island, Romblon Province (Fig. 1 and Table S1).
In addition to the data described above, animal rabies case records
for Tablas Island, Romblon Province were retrospectively collected
from the Department of Agriculture (DA) to provide information on
the situation regarding animal rabies in Tablas Island over the last 10
years.
Map data for the Philippines were obtained from the Global Admin-
istrative Areas website (http://www.gadm.org/country) and visualized
with either ArcGIS 10 (ESRI Inc., Redlands, CA, USA) or the sp. and
maptools package in R, version 3.1.0 (R Core Team, 2014, R Foundation
for Statistical Computing, Vienna, Austria).
2.3. Molecular clock and phylogeographic analyses
To increase the phylogenetic information, the phosphoprotein
(P) gene (891 nt) of the 39 subclade samples was obtained as follows:
the viral RNAwas ampliﬁedwith a Superscript III One-Step RT-PCR Sys-
tem with Platinum Taq (Thermo Fisher Scientiﬁc, Waltham, MA, USA)
and NPM1F and NPM1R primer sets (Campos et al., 2011) and then pu-
riﬁed with a QIAquick PCR Puriﬁcation Kit (Qiagen, Hilden, Germany).
The puriﬁed PCR amplicon was sequenced using an ABI3730xl DNA An-
alyzer (Thermo Fisher Scientiﬁc), a BigDye Terminator v3.1 Sequencing
Kit (Thermo Fisher Scientiﬁc), and a BigDye XTerminator Puriﬁcation
Kit (Thermo Fisher Scientiﬁc). The P gene obtained was concatenated
to the G gene, which yielded 2463 nt sequence data for molecular
clock and phylogeographic analyses.
Using the 39 samples of RABV P–G concatenated gene data, we
conducted molecular clock and symmetric discrete phylogeographic
analyses. Bayesian MCMC analyses were performed using BEAST
v1.8.0 (Drummond et al., 2012). The viral divergence time and viral spa-
tial spread were estimated by tracking viral RNA mutations and inte-
grating the sampling date and sampling location (in provincial level)
(Drummond et al., 2012; Lemey et al., 2009). A Tamura–Nei model
with gamma distribution was used for the nucleotide substitution
model, with reference to the AICc calculated with MEGA 5.0. In line
with the AICM [AIC for MCMC samples (Baele et al., 2012; Raftery
et al., 2007)], a strict clock was assumed in the model (although there
was no difference in estimates between strict and relaxed clock models,
with ΔAICM= 2.82) and 2e7 iterations were performed in the MCMC
analysis to obtain an effective population size N200 and convergence
of parameter estimation. Ten percent of the posterior tree sets were
excluded as burn-in. The maximum clade credibility (MCC) tree
was constructed using the TreeAnnotator program in the BEAST soft-
ware package and visualized using FigTree (http://tree.bio.ed.ac.uk/
software/ﬁgtree/). The posterior density of the estimates was summa-
rizedwith Tracer v1.6 (http://tree.bio.ed.ac.uk/software/tracer/). Signif-
icant migrations were detected with the Bayes factor test using the
Bayesian stochastic search variable selection procedure (Lemey et al.,
2009). Migrations with a Bayes factor N3, as calculated in SPREAD
(Bielejec et al., 2011), were accepted as well-supported migrations.
The number of migrations between locations (Markov jump counts)
was estimated along the branches of the posterior trees (Minin and
Suchard, 2008; O'Brien et al., 2009). The migration history was inferred
by summarizing theMarkov jump density via kernel density estimation
in R (Nunes et al., 2012).
2.4. Mathematical modeling
To assess the possible duration between the introduction of the
RABVs and the detection of the ﬁrst case on the island, we con-
structed a deterministic compartmental model and simulated
the transmission dynamics of the virus in the dog population.
(Hampson et al., 2007; Kitala et al., 2002; Panjeti and Real, 2011). An
SEI (Susceptible-Exposed-Infectious) model, in which a V (vaccinated)
compartment was also included, was constructed by assuming random
Fig. 1. Possible inter-island transmissions and the history of animal rabies in Tablas Island A) The G gene phylogenetic relationship among 266 RABV samples collected from the Luzon
island group via passive surveillance. The samples collected from islands other than Luzon Island are indicated by arrows together with the names of the provinces where they were col-
lected. Samples collected in Catanduanes were clustered with other RABV strains collected in same region, Region V, whereas samples collected in Oriental Mindoro or Palawan had di-
vergent evolutionary histories from the Luzon clade. The subclade (n = 39), including samples collected from Tablas Island in Romblon Province, is indicated by a red square and long-
distance transmission between the central part of Luzon Island and Tablas Island was suggested. B) The location map for the 266 RABV samples at the regional (thick line and bold and
italic letter) and provincial (thin line) levels. The solid black dots indicate the samples forming the subclade (n= 39, used in themolecular clock and phylogeographic analysis; indicated
in A), and the open dots indicate the other 227 RABV samples collected in the Luzon island group. The 39 subclade samples were collected in the Bulacan, Pampanga, Pangasinan, and
Romblon provinces as indicated. C) A map of Romblon Province and Tablas Island at the municipality level. The rabies-positive cases were detected in Odiongan and Looc municipalities,
as indicated in yellow on the map. D) Animal rabies case records for Tablas Island, provided by the Department of Agriculture. Rabies-positive cases were detected in Odiongan and Looc
municipalities in 2011 (n= 5, of which three samples were sequenced via passive surveillance) and in Odiongan in 2012 (n = 3, of which all three samples were sequenced via passive
surveillance).
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following ordinary differential equations (Hampson et al., 2007; Kitala
et al., 2002) with the deSolve package in R:
N ¼ Sþ Eþ Iþ V ð1Þ
dS=dt ¼ βSIþ a Sþ E þ Vð Þ  bþmNð ÞS νSþ δV ð2Þ
dE=dt ¼ βSI σE bþmNð ÞE ð3Þ
dI=dt ¼ σE  γI bþmNð ÞI ð4Þ
dV=dt ¼ νS δV  bþmNð ÞV ð5Þ
The cumulative number of reported cases (C) was calculated by
assuming a reporting rate, r, as follows:
dC=dt ¼ rγI ð6ÞTable 2
Parameters used in the SEIV model.
Parameter Value References
Birth rate (a) 0.42 (/year) Kitala et al. (2002)
General mortality rate (b) 0.33 (/year) Kitala et al. (2002)
Carrying capacity (K) 31.6 (dogs/km2)
Data in Odiongan & Looc
in 2012a
Incubation period (1/σ) 25.5 (days) Hampson et al. (2007)
Infectious period (1/γ) 5.7 (days) Hampson et al. (2007)
Total population (initial N) 7357 dogs per 233 km2
Data in Odiongan & Looc
in 2012a
Vaccination rate (ν) 18%
Data in Odiongan & Looc
in 2012a
Duration of immunity (1/δ) 2 (years) Townsend et al. (2013b)
a Data provided by the Department of Agriculture in Region IV-B, Philippines.The parameters used in thismodel are summarized in Table 2. As de-
tailed ecological data on dogs is not available for the Philippines, most of
the key parameters, such as dog birth rate (a), the generalmortality rate
(b), the incubation period of rabies (1/σ), and the infectious period of
rabies (1/γ), were derived from data from domestic dog populations
in African countries (Hampson et al., 2007; Kitala et al., 2002). The initial
total dog population [N (/km2)] and vaccination rate (v) were obtained
from surveillance data from Odiongan and Looc municipalities in Rom-
blon Province, where rabies-positive cases were detected. Surveillance
data was provided by the Department of Agriculture in Region IV-B.
The initial total population in the model was assumed to be the sum
of the dog populations in Odiongan and Looc municipalities and the
dog vaccination rate was assumed to be 18% based on the surveillance
report from 2012 (1297 and 53 vaccinated dogs among 5562 and
1795 dogs inOdiongan and Loocmunicipalities, respectively). The dura-
tion of immunity afforded by the vaccine (1/δ) was assumed to be 2
years, after which vaccinated dogs are assumed to lose their immunity
and become susceptible to the virus (Townsend et al., 2013b).
To overview the population dynamics, we simply assumed that dog
density was in equilibrium in the absence of rabies, annual pulse vacci-
nation was conducted in this population (with the vaccination period
lasting 1 month out of each year), one rabid dog was introduced into
the susceptible dog population, and no other dogs were imported or
exported to the population (Kitala et al., 2002). Under these assump-
tions, the density-dependent mortality rate, m, was calculated using
the dog birth rate (a), the general mortality rate (b), and the carrying
capacity (K), as follows (Kitala et al., 2002):
m ¼ a bð Þ=K ð7Þ
The basic reproduction number (R0; the average number of second-
ary infections generated by an infected index case in a susceptible
25K. Tohma et al. / Infection, Genetics and Evolution 38 (2016) 22–28population) was calculated as follows (Kitala et al., 2002):
R0 ¼ σβS= σ þ að Þ γ þ að Þ ð8Þ
R0 and the reporting rate, r, were set to range from 1.0 to 2.0 and 1%
to 30%, respectively (Hampson et al., 2009; Townsend et al., 2013a;
Zinsstag et al., 2009). The number of reported cases over 5 years after
the initial introduction and the months required to report more than
one case (i.e., C ≥ 1) was estimated with these ranges of R0 and r.
3. Results
3.1. Phylogenetic analysis
The 266 RABV samples were collected from all regions of the Luzon
island group (Fig. 1A and B). The Bayesian phylogenetic tree for the 266
samples of RABV G gene data indicated that most of the samples were
from the same genetic clade, the Luzon clade (Saito et al., 2013). Sam-
ples collected in the Mindoro and Palawan Islands were located in dif-
ferent branches, indicating different evolutionary histories following
the introduction of RABV from China to the Philippines (these samples
were not located in either the Visayas or the Mindanao clades, data
not shown) (Gong et al., 2010; Meng et al., 2011; Tohma et al., 2014).
Of the samples in the Luzon clade, several samples were collected
from islands other than Luzon Island, such as Catanduanes Island in
Catanduanes Province in Region V and Tablas Island in Romblon Prov-
ince in Region IV-B, indicating possible inter-island transmission. For
Catanduanes, the phylogenetic tree suggested that there were at least
two introduction events. The samples from Catanduanes were geneti-
cally clustered with samples collected in the same region (Region V),
only a few kilometers away, and inter-island transmissionmay have oc-
curred easily. In contrast, samples from Tablas Island in Romblon Prov-
ince were closely related to samples collected in Region III, which is
located in the central part of Luzon Island, suggesting that occasional
long-distance transmission occurred. Such long-distance inter-island
transmission, speciﬁcally in rabies-free islands, should be prevented
for rabies control; therefore, we investigated additional details of this
possible inter-island transmission.Fig. 2. Themolecular clock for P–G concatenated genes from 39 RABVs A) Themolecular clock (
the subclade. The posterior probabilities for each common ancestor are indicated at the nodes. S
transmission chains were successfully generated from a common ancestor after the introducti
Province and Bulacan Province through time. The migration appeared to occur before 2011 (m3.2. Animal rabies in Tablas Island, Romblon Province
The history of animal rabies in Tablas Island is summarized in Fig.1C
andD. No rabies caseswere reported in Tablas Island between 2004 and
2010, and the ﬁrst case in 7 years was detected in May 2011. Eight
rabies-positive caseswere detected between 2011 and 2012. These pos-
itive cases were detected in Odiongan and Looc municipalities in 2011
and in Odiongan in 2012 (Fig. 1C). Among these eight positive cases,
six samples (three in 2011 and three in 2012) were collected and se-
quenced via passive surveillance (Table S1).3.3. Molecular clock and phylogeographic analyses
The molecular clock and discrete phylogeographic analyses were
conducted with P–G concatenated sequence data, with the aim of esti-
mating the divergence history and spatial spread of RABVs detected in
Tablas and Luzon Islands. From the molecular clock analysis, the Rom-
blon and Luzon strains may have diverged around Nov. 2009 (median
value and 95% highest posterior density (HPD) = Apr. 2007–Feb.
2011) with a posterior probability of 0.904 at that node (Fig. 2A). The
time to the most recent common ancestor (tMRCA) for the Romblon
strain was estimated to be around Dec. 2010 (median value and 95%
HPD = Oct. 2009–May 2011) with a posterior probability of 1.00. This
time-measured phylogeny showed that transmission chains were suc-
cessfully generated from a common ancestor on this island. According
to the Bayes factor test in the phylogeographic analysis, a signiﬁcantmi-
gration (Bayes factor of 9.0) was observed between Tablas Island in
Romblon Province and Bulacan Province in Luzon Island, which are ap-
proximately 300 km away from each other (Fig. 1B). The Markov jump
density of viral migration between these two provinces was estimated
through time (Fig. 2B). The migration appeared to occur before 2011
(median value: May 2010; modal value: Sep. 2010), indicating that
there was a time lag of 8 months, or approximately 1 year, between
the introduction and the detection of the ﬁrst case, although the
kernel density showed a wide range for the estimated migration
time (1st quartile: Sep. 2009; 3rd quartile: Nov. 2010, i.e., time lag of
6–20 months).maximum clade credibility tree) for the P–G concatenated genes from 39 RABV samples in
amples collected fromTablas Island in Romblon Province are indicated in red, showing that
on into Tablas Island. B). The Markov jump density for viral migration between Romblon
edian value: May 2010).
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The time lag observed in the phylogenetic analysis was conﬁrmed in
the modeling analysis. The model demonstrated the transmission
dynamics of rabies after introduction of the virus into a susceptible
community. R0 among the domestic dog population in Asian or African
countries has been reported to be 1.0–1.8 (Hampson et al., 2009;
Zinsstag et al., 2009). Therefore, the number of reported cases and
the months required to report the ﬁrst case were estimated using
this range of R0 (R0 = 1.0–2.0), assuming a range of reporting rates
(r = 1%–30%) (Fig. 3). The analysis suggests that three to more than
12 months are required to report the ﬁrst case after the viral introduc-
tion. A lower reporting capacity (i.e. r ≤ 10%) could delay case detection
for more than ﬁve months.
Several sensitivity analyses were performed with birth and mortali-
ty rates ranging from0.1 to 1.0 (/year), assuming slowor fast population
turnover (Fig. S1A–D). The dog population reported by DA can be
underestimated due to the limited data about stray dogs in the commu-
nity; therefore the analyses were repeated assuming that 20% or 50%
more dogs were unobserved (and therefore unvaccinated) in the
census (Fig. S1E–H). Several patterns of duration of immunity by vac-
cine (1–3 years) and the strategy of pulse vaccination (once in six
months or in three months) were also tested (Fig. S1I–L and M–P).
The epidemic size was varied, e.g., it was increased when more unob-
served dog population (i.e., more susceptible population) were expect-
ed, however, all the analyses showed similar time-lag to those in Fig. 3,
suggesting a large time-lag of at least three months or more than ﬁve
months at low reporting rate between introduction and case detection
in all situations.
4. Discussion
In the Philippines, the sea is a strong barrier for transmission of
RABV, and inter-island transmissions are considered to be rare
(Tohma et al., 2014). Most RABV transmissions are localized within
the same region, indicating the potential effectiveness of rabies control
programs that target spatial clusters of viral transmission chains.Fig. 3.Mathematical modeling under different R0 and r assumptions A) Cumulative number
than one case to be reported for various values of R0 (1.0–2.0) and reporting rate r (1%–30%).
than 12 months.However, using molecular epidemiological analysis, we conﬁrmed
inter-island viral spread in the following two islands: Tablas Island
and Catanduanes Island. Dog vaccination coverage on Tablas Island is
low: just 18% in the Odiongan and Looc municipalities in 2012 and
b30% in most of the municipalities in Tablas Island in 2012. This low
coverage may have resulted in sustained transmission chains after the
introduction event.
Considering the phylogenetic relatedness and geographic
isolation, it was likely to be a single, accidental migration from cen-
tral Luzon to Tablas Island and successive sustained transmissions
after the introduction. The molecular clock and phylogeographic
analyses indicated that there was a time lag of approximately
1 year between viral migration and the ﬁrst case detection in Tablas
Island. The deterministic model also suggested that several months
would be required after introduction before more than one case
would be reported, under conditions where R0 ranged from 1.0 to
2.0. That interval of R0 was estimated elsewhere including Bali
Island. The reporting capacity is actually low in Tablas Island. Tablas
Island is isolated from Luzon Island by sea and there is no animal
diagnostic laboratory to conduct the rabies antigen test. Several
steps are required to conﬁrm rabies cases on this island: (1) -
detection of suspected rabid animals, (2) preparation of the samples
(such as the dog's head), (3) shipment of samples to the animal
diagnostic laboratory in Luzon Island, and (4) ﬂuorescent antibody
testing to detect the rabies antigen. Furthermore, awareness in the
community of the actions required to report a suspected rabid dog
is low in the Philippines and only 18% of those surveyed on Bohol
Island knew to report a suspected rabid dog to the authorities
(Davlin et al., 2014). The percentage of dog rabies case detected
was estimated to be around 7% in Bali (Townsend et al., 2013b),
but at least 5–12 months would still be required to detect the ﬁrst
case even if the reporting rate was as high as in Bali. A lower
reporting capacity delays case detection for several months,
therefore strengthening of reporting capacity is one of the critical
challenges in rabies control. Poor surveillance will result in further
spread of rabies and lower probability of rabies elimination
(Townsend et al., 2013a). It is important that local governmentsof reported cases over 5 years after viral introduction and B) months required for more
A low reporting capacity (i.e. r ≤ 10%) could delay case detection for ﬁve months to more
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rabies control should be investigated further in the future to under-
stand the true burden of rabies in the community.
The time lag between rabies introduction and case detection indi-
cates the difﬁculty in identifying a rabies introduction event. In the
Philippines, local government units, such as provinces, municipalities,
and cities, are responsible for dog vaccination. Most local government
units do not conduct mass dog vaccinations unless there are reported
rabies cases. However, our data suggest that there can be a signiﬁcant
delay in recognizing rabies introduction and that sustained transmis-
sion chains can become established after viral introduction. Therefore,
control programs, particularly dog vaccinations, should be maintained
for rabies elimination even in rabies-free areas.
Bat rabies has not been implicated in the transmission cycles of dog
or human rabies in the Philippines (Armbulo et al., 1972; Beran, 1982).
Therefore, the inter-island transmission events observed in this study
were probably because of human-mediated transport of dogs since it
is unlikely that any dogs moved approximately 300 km away across
the sea by themselves. Human-mediated transmission has also
been reported in other countries (Denduangboripant et al., 2005;
Talbi et al., 2010) and such movement should be strictly regulated
to prevent introduction of the virus into previously rabies-free
areas. Although local governments are supposed to prevent inter-
island transport of dogs (Anti-Rabies Act of 2007), this study shows
that the Act is not properly enforced to prevent inter-island transmis-
sion within the Philippines.
There are several limitations to this study. In the phylogenetic anal-
ysis, high genetic similarity resulted in ambiguity in the estimates for
tMRCA, although the P–G concatenated sequence did improve estima-
tion of the posterior probability of MRCA compared with the estimation
when only the G gene sequence was used. The posterior probability of
MRCA between the Romblon and Luzon strainswas 0.904 in the estima-
tion that used P–G concatenated genes (Fig. 2) and was 0.636 in the es-
timation that used only the G gene (data not shown). In addition,
because we used passive surveillance, we analyzed only small propor-
tion of total rabies cases, which may have contributed to ambiguous
estimates, wide range of estimated time lag, in the molecular clock
and phylogeographic analyses although the time lag detected in these
coalescent analyses was still large. For the retrospective animal rabies
case records provided by the Department of Agriculture, we anticipate
that there were some undetected rabies cases owing to the passive
nature of the data collection. No rabies cases were reported on Tablas
Island before 2011 (Fig. 1D); however, it is uncertain whether there
had actually been no cases on this island or whether some cases had
been missed because of the low reporting capacity. Although we could
not ﬁnd any evidence of other transmission chains circulating in Tablas
Island, the latter possibility cannot be excluded considering the low
reporting capacity as well as the low vaccination coverage, which en-
ables RABV to spread easily in the community on this island. The ﬁeld
data in the Philippines is limited and parameters used in the model
might not be reﬂecting the real situation in this country, though the sen-
sitivity tests still showed time-lag of more than ﬁve months at low
reporting rate between introduction and detection of the ﬁrst case.
The surveillance quality, rather than dog ecological factors, had large
impact on early case detection, and therefore quality of the routine
surveillance need to be improved and maintained.
We observed successfully sustained transmission chain after the in-
troduction into the island, and showed that theremight be a large time-
lag of more than a half year from viral introduction to case detection in
both the molecular and modeling analyses. The active surveillance and
prospective ﬁeld data will improve the understanding of transmission
dynamics of rabies in this country. The combination of active surveil-
lance and molecular works may enable to reveal the detailed transmis-
sion chains including unobserved and dead-end transmissions, thus
providing the exact frequency of inter-island spill-over event. The rich
ﬁeld data may provide more complicated stochastic model trackingthe behavior of individuals, not the population dynamics as estimated
in this study, which enable to detect the super-spreader of viruses and
to estimate the probability of occurrence/extinction of a rabies epidemic
following introduction. Integrating the ﬁeld, molecular, and modeling
study will shed light on more detailed pattern of transmissions, and
thus, further efforts may be needed for understanding dynamics of
inter-island transmission of rabies.
5. Conclusions
In island nations such as the Philippines, a rabies control program
should include control of inter-island dog transport as well as rabies
vaccination of dogs to avoid viral introduction from the outside and to
break transmission chains after viral introduction. However, inter-
island transmission of the virus is still observed in the Philippines.
Local governments already attempt to control dog transportation but
stricter controls should be enforced, and continuous rabies control pro-
grams need to be maintained to prevent RABV introduction even in
rabies-free areas. Rabies introduction events are difﬁcult to recognize
because of the long duration between introduction and detection. Fur-
thermore, low reporting capacity may cause further delays in detection
of rabies cases. Improving the routine surveillance and continuous con-
trol efforts will be the key to eliminate rabies in this country. Molecular
epidemiology can detect occasional introduction events from genetic
information and can reveal how often such spillover events occur. As
such, molecular epidemiology can provide useful data for improving
rabies control strategies in the future and such research should be
continued as a part of the rabies control program.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.meegid.2015.12.001.
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